The authors have recently shown that irregular reflections of spark-generated pressure weak shocks from a smooth rigid surface can be studied using an optical interferometer [Karzova, Lechat, Ollivier, Dragna, Yuldashev, Khokhlova, and Blanc-Benon, J. Acoust. Soc. Am. 145 (1), 26-35 (2019)]. The current study extends these results to the reflection from rough surfaces. A Mach-Zehnder interferometer is used to measure pressure waveforms. Simulations are based on the solution of axisymmetric Euler equations. It is shown that roughness causes a decrease of the Mach stem height and the appearance of oscillations in the pressure waveforms. Close to rough surfaces, the pressure was higher compared to the smooth surface. Fig. 1. (Color online) (a) Scheme illustrating the reflection of a spark-generated pulse from a rough surface. (b) Surface texture of P80 and P40 sandpapers measured using a digital microscope VHX-6000. Karzova et al.: JASA Express Letters
Introduction
Irregular reflection is a classical phenomenon of shock wave physics discovered experimentally by Ernst Mach and then theoretically studied by John von Neumann. 1, 2 Irregular reflection can be broadly classified into two types, namely, Mach reflection and von Neumann reflection. 3 Mach reflection is typical for strong shocks (Mach number >1.47) and comprises at least three shocks in the reflection pattern: incident and reflected shocks intersected above the surface, and a Mach stem that links this intersection point with the surface. In Mach reflection, the intersection point is a point of discontinuity and is called a triple point. The von Neumann reflection concerns weak acoustic shocks (Mach number <1.47) and differs from the Mach reflection by the absence of slope discontinuity between the reflected shock and the Mach stem. 4 In this case the Mach stem refers to the single shock that forms between the surface and the point where the incident shock and the reflected shock start to separate.
Nonlinear reflections of weak acoustic shock waves, though irregular, cannot be described by the three-shock theory of von Neumann 3 according to the von Neumann paradox. Experimental observation of irregular reflection of weak shock acoustic waves is challenging because of different features. First of all, in laboratoryscales weak acoustic shock waves have a very small shock thickness (less than 0.1 mm) and a very short rise time (<1 ls). In air it is then impossible to measure pressure waveforms in irregular reflection patterns using classical methods based on microphones. Only very few experiments showed weak acoustic shockwave irregular reflection patterns and the evolution of the Mach stem with the distance from the source. In case of a flat smooth reflecting surface, the evolution of the Mach stem and pressure waveforms were measured in a moderate-scale outdoor experiment in air for gaseous explosions, 5 in a laboratory scale experiment in water for ultrasound sawtooth waves, 6 and in laboratory-scale experiments in air for spark-generated waves. [7] [8] [9] The geometry of the reflective surface is one of the factors that strongly affects the reflection patterns. For example, a recent numerical study of reflection of ideal weak N-wave from a convex-concave boundary showed a complex five-shock pattern in irregular reflection. 10 Another important factor is surface roughness. The effect of roughness on the evolution of the Mach stem and on reflection patterns has been addressed for high amplitude and moderate shocks. [11] [12] [13] However to our knowledge, it has never been investigated and observed for weak acoustic shock waves.
The goal of the present letter is to show how the presence of roughness on a plane surface changes pressure waveforms and affects on the Mach stem formation compared to the reference case of a perfectly rigid and flat surface. In our recent study 9 the optical Mach-Zehnder interferometer method was proposed to reconstruct pressure waveforms in case of irregular reflection patterns for spherically diverging spark-generated shock pulses from a plane smooth rigid surface in air. Irregular reflection patterns obtained by numerical simulations of axisymmetric Euler equations were in good agreement with experimental ones. Here, we present results obtained for rough surfaces with the same experimental and numerical methods as described in Ref. 9.
Methods

Experiment
Recently, it was shown that the Mach-Zehnder optical interferometry method allows to reconstruct acoustic pressure waveforms both in free field 14 and close to a reflecting boundary. 9 This method has a time resolution of 0.4 ls, which is more than 6 times higher than the time resolution of standard condenser microphones like B&K (Br€ uel & Kjaer, Denmark), type 4138 (2.9 ls). Moreover, it allows quantitative reconstruction of the pressure waveform directly in Pascals without the need of additional calibration and could be applied in situations where microphones distort the acoustic field. The main limitation of the method is that the wavefront geometry must be spherical or cylindrical to allow the application of the inverse Abel transform in the signal processing. The method has been detailed in Ref. 14 and its implementation in the case of shock wave reflection from the plane surface is presented in Ref. 9 . Here, we only briefly describe the acoustical part of the experimental setup and the measurement protocol.
The sound source is an electrical spark positioned at a height of z s ¼ 21 mm above a surface [ Fig. 1(a) ]. The spark source is made of two tungsten electrodes separated by a gap of 20 mm and supplied by an electrical voltage in the range of 15-20 kV. The spark generates spherically divergent pressure waves that are similar to N-waves or blast waves. The spark-generated shock pulse has a pressure amplitude of about 0.8 kPa, a duration of about 50 ls, and a shock width of 100 lm at 30 cm from the source. 15 Three surfaces were used as reflective boundaries: a plane rigid surface made of PVC as a reference surface 9 and two rough surfaces obtained by gluing sheets of standard sandpapers called "P80" and "P40" on the PVC board. The height r of the rough surfaces P80 and P40 was characterized using a digital microscope VHX-6000 (Keyence, USA) [ Fig. 1(b) ]. The analysis of the roughness leads to isotropic correlated Gaussian distributions with standard deviation of the surface height equal to 66 and 129 lm for P80 and P40, respectively. The correlation length is 181 and 337 lm for P80 and P40, respectively. Note that these characteristic lengths of the roughness are smaller or on the order of the shock width. 15 To measure the pressure waveform, a probe laser beam of the interferometer was positioned at different heights z above the surface from 2 up to 25 mm and at a horizontal distance r ¼ 33 cm. For the chosen geometry the angle of incidence was 3.4 , and the Mach number was equal to 1.005. In experiments, 140 waveforms were recorded at each height z in order to allow statistical data analysis. A representative waveform was selected among these 140 with values of arrival time, peak positive pressure, and peak negative pressure closest to average values computed over all waveforms.
Numerical model
The numerical model is based on axisymmetric Euler equations and is described in detail in Ref. 9 . Simulations were performed using a high order finite-difference timedomain algorithm. In order to study the reflection over rough surfaces, a curvilinear coordinate system that fits the surface shape is applied. 16 Transition from Cartesian coordinates (r, z) to the curvilinear coordinate system ðf; gÞ requires reformulation of partial derivatives in the Euler equations. Cartesian coordinates are expressed as functions of curvilinear ones,
where rðfÞ corresponds to the surface height and z m is the maximum elevation of the simulation window.
There is no deformation of the mesh at the top of the domain while the deformation of the mesh is maximal at the surface. All partial spatial derivatives are then expressed in this new coordinate system. The surface is assumed to be perfectly reflecting. The normal velocity at the surface is then set to zero. Particular attention is paid to the expression of this boundary condition in the curvilinear coordinate system.
Based on the surface measurements the surface height is modeled as a correlated Gaussian distribution. The standard deviation of the height and the correlation length are set with the values obtained experimentally (Sec. 2.1). Since the numerical solver is axisymmetric, the surface geometry is also axisymmetric, the axis of symmetry being perpendicular to the surface which contains the source. The spark source is modeled as an instantaneous energy injection with a Gaussian shape, as described in Ref. 9.
Results
Waveforms measured at 2 and 16 mm above the surface and at a horizontal distance of r ¼ 33 cm are shown in Fig. 2 . Three cases are presented: the smooth surface, P80, and P40 sandpapers. Above the smooth surface, both at 2 and 16 mm, only a single front shock is present. This shock corresponds to the Mach stem. The pressure rise is very steep and is related to the rise time of the measurement method. Above the P80 rough surface, at 2 mm height, the front shock has two slopes, the positive peak pressure is 15% higher than for the smooth case and oscillations appear after the peak, with a characteristic time on the order of 6 ls. At 16 mm above the P80, the positive peak is rounded, its amplitude is lower than for the smooth case, and the pressure rise consists of two separated shocks. Thus, in the case of P80 the first measurement at 2 mm corresponds to the Mach stem since there is a single shock front, while at 16 mm the measurement is above the Mach stem as separation between the incident and reflected shocks is clearly observed. Above the P40 surface, at 2 mm the incident and reflected shocks can be seen. Thus no Mach stem is formed or it is smaller than 2 mm. The positive peak is more rounded. The two shocks are more clearly seen on the waveform measured at 16 mm. Oscillations also appear in the waveform after the peak, but with a longer characteristic time than for P80. These observations highlight the influence of roughness on the waveforms: with roughness the Mach stem is shorter than for reflections from a smooth surface, and if the roughness is too large there is no Mach stem. Oscillations appear in the waveform, and their characteristic time is related to the roughness size. Note that such observation is only possible thanks to the very high temporal and spatial resolution of the optical interferometer, and such details could not be observed using microphones, any usual pressure sensors, or Schlieren images.
To obtain reflection patterns in the spatio-temporal domain, waveforms are measured at different heights above the surface, then the pressure amplitude is converted into color, and the resulting horizontal color bar is plotted at the corresponding height. Results given in Fig. 3(a) show the reflection patterns obtained from the measured waveforms at r ¼ 33 cm from the source. These reconstructed reflection patterns show that the roughness decreases the length of the Mach stem: for the smooth surface the Mach stem height is 16 mm, for P80 it is 12 mm, and for the biggest roughness, P40, there is no Mach stem at all.
In order to confirm these observations, numerical simulations were performed with parameters corresponding to the experiment (same free field level, same statistical parameters for the rough surface). For comparison, reflection patterns are plotted in the same way as for the experiments in Fig. 3(b) . Simulated reflection patterns are in good agreement with the experimental ones, but with slightly higher Mach stems. This small overestimation was also observed in the analysis of the reflection over a smooth surface. Since the numerical model assumes a two-dimensional axisymmetric geometry, a perfectly rigid surface, and it is based on a model for the spark source, some differences between simulations and measurements are expected. The difference in the negative part of measured and simulated pressure waveforms (Fig. 4 ) comes from the source initialization in the numerical model. 9 However, the positive part of the waveform is well reproduced, and the same effect is found in numerical simulations: the Mach stem height decreases with increasing roughness size [ Fig. 3(b) ]. In simulations, a short Mach stem still exists for the P40 surface, but further simulations for slightly larger roughness (not shown here) also confirm that when the roughness is too large, the Mach stem no longer exists. One should also note the change in shape of the shock close to the surface, which seems to be delayed by the roughness.
In order to analyze the effects on the waveforms in more detail, waveforms measured and simulated at different heights above the surface are plotted in Fig. 4 for the same distance (r ¼ 33 cm). Simulated waveforms are very similar to the experimental ones. Oscillations induced by roughness also appear in simulated waveforms, and their amplitude is higher than for experimental ones. Possible reasons for this could be better resolution in time and space, better signal-to-noise ratio in simulations, and also higher coherence of the diffracted field due to the axial symmetry of the numerical model. As observed experimentally, the characteristic time of the oscillations depends on the size of the roughness grain and it is longer for larger grains. The amplitude of oscillations is also higher close to the surface.
To highlight the correlation between the oscillations in the waveforms and the roughness geometry, Mm. 1 has been composed from numerical simulations. It shows the spatial evolution of the pressure reflection patterns with the distance in a moving observation window, starting just after the spark discharge. Three representative cases are shown: the smooth surface for reference, P80, and P40 rough surfaces. A sequence of backscattered waves is clearly seen (see Fig. 5 ). The backscattered field distorts the rear part of the wave, which corresponds to the oscillations seen previously in the time domain waveforms (Fig. 4) . The distance between the backscattered waves depends on the distance between the biggest grains. It is longer for the P40 case than for P80. The amplitude of the backscattered waves is related to the roughness height.
Mm. 1. Spatial evolution of the pressure reflection patterns with the distance for the smooth surface and rough surfaces P80 and P40. This is a file of type "mp4" (6 Mb).
One should also note that in Mm. 1, the area where the overpressure is the highest is just behind the front shock and close to the surface. Also note that the pressure amplitudes close to surfaces P80 and P40 are higher than those observed in the case of the smooth surface.
The pressure levels in simulations can be analyzed closer to the surface than in experiments. A statistical analysis over 20 numerical realizations for each rough surface (P40 and P80) shows that at r ¼ 33 cm and z ¼ 1 mm the mean value of the pressure amplitude is 1.95 kPa (standard deviation 3.3%) for P80 and 1.86 kPa (standard deviation 5.4%) for P40 (not shown here). Compared to the smooth surface case (1.55 kPa), these values are 26% and 20% higher for P80 and P40, respectively. Thus, we can also conclude that the roughness leads to the increase of the pressure amplitude near the surface for the considered roughness size.
Conclusion
A preliminary analysis of the influence of the roughness on the reflection of weak acoustic shock waves was conducted using both optical measurements and numerical simulations. The Mach-Zehnder interferometry method was used to reconstruct pressure waveforms to show irregular reflection patterns. Axisymmetric Euler equations combined with a rough rigid boundary with Gaussian distribution were used in simulations. Both experimental and numerical results showed that the height of the Mach stem decreases with the growth of the surface grain, and no longer appears when the roughness is sufficiently large. The waveforms close to the surface are distorted by the roughness, the oscillations are related to the grain size, and their amplitude is higher close to the surface. Moreover, the positive peak pressure level close to the rough surface could be higher than in the case of the smooth surface. In order to further investigate how waveform distortion and Mach stem height are related to roughness parameters, a numerical study of the reflection of weak shocks from surfaces with roughness of different shapes and different scales will be led in the future. In linear acoustics, models based on effective impedance boundary conditions are used to simulate some of the roughness effects. Their applicability to weak shock waves will also be studied.
